Cyclodextrins (CD) are a family of oligosaccharides with a toroid shape, which exhibit a remarkable ability to include guest molecules in their internal cavity providing a hydrophobic environment for poorly soluble molecules. Recently new types of inclusions of alpha CD with alkyl grafted polysaccharide chains (pullulan, chitosan, dextran, amylopectin, chondroitin sulfate…) have been prepared which are auto-assembled into micro and nano-platelets. We report in this paper an extensive investigation of platelets with different compositions, including their reversible hydration (Thermo Gravimetric Analysis), crystalline structure (Powder x-Rays Diffraction), dimensions and shapes, (Scanning Electron Microscopy-Field Emission Gun), thermal properties, solubility and melting (Micro Differential Scanning Calorimetry). The crystalline platelets exhibit layered structures intercalating the polysaccharide backbones and CD complexes hosting the grafted alkyl chains. The monoclinic symmetry of columnar type crystals suggests a head-to-tail arrangement of the CDs. The platelets have a preferentially hexagonal shape with sharp edges, variable sizes, and thicknesses and sometimes show incomplete layers (terraces). The crystal parameters change upon dehydration. Melting temperatures of platelets in aqueous solutions exceeds 100 °C. Finally, we discuss the potential relation between the platelet structure and applications for mucoadhesive devices. 
INTRODUCTION
Cyclodextrins (CDs) are a family of oligosaccharides with a toroid shape, which exhibit a remarkable ability to include guest molecules in their internal cavity. CDs especially are able to solubilize hydrophobic molecules which penetrate in their internal cavity. CDs are considered as natural materials originating from starch and thus "non-toxic" natural products. Besides food and cosmetics, pharmaceutical and agricultural industries are the other main users of CD molecules 1 . For instance, CDs and small molecular derivatives are used as excipients in the pharmaceutical field. In recent years CDs and grafted CDs (amphiphilic CDs, CD-polymers, CD-pendant polymers, and CD-based polyrotaxanes) became building blocks for biocompatible supramolecular assemblies. These novel functional materials take advantage of the host-guest interactions, the good biocompatibility and the micrometric assemblies oberved by Transmission Electron Microscopy (TEM) appear as flat particles with geometrical shapes suggesting that the particles have a crystalline organisation. Hydrophobic groups from organic acids with variable alkyl chain lenghts were grafted on the polysaccharide chains, making the grafted polymers insoluble in water;
Mixing solutions with 1% polymer and 5 to 10% -CD by weight in water (minimum required for complete complexation) under mild agitation, leads to the formation of a white homogeneous suspension of micro or nano size flat particles. Some of these systems have therapeutic applications. Compared with classical drug delivery systems, it appears that one of the specific chractersitcs of these self-assemblies is, at first view, their shape which contrasts with the most common spherical shapes 7, 8 . The shape of microplatelets composed of polymer, alkyl chains and mostly -CD molecules, is necessarily related to the process of crystal nucleation and growth in solution. Consequently, the structure of these CD based aggregates is different from those reported in the literature so far. It is important therefore to fully characterize these autoassemblies and highlight their specific features and possible applications.
The pioneer investigations of Saenger and coworkers identified a variety of crystalline strucures with CD molecules and their inclusions depending on the guest molecules. The various methods of synthesis of inclusion complexes were summarized in 9 . In some cases, single cystals were obtained by slowly cooling supersatured solutions 10 facilitating a full characterization of the crystal structure down to atomic levels.
It is the aim of this investigation to explore structure, stability and solubility properties for the nano or micrometric assemblies (platelets) formed with hydrophobically modified polysaccharides and -CD. The role of the different components should be clarified; the stability of the auto assemblies formed without covalent bonds between constituents must be examined in aqueous environments. These investigations aim to predict the interplay between the platelets properties and their applications. We conducted a preliminary investigation on -CD crystals formed in supersaturated aqueous solutions at room temperature, in order to establish afterwords comparisons between the platelets and pure 7 Highscore plus 3.0 and FullProf Suite Program 3.0. In the software the most probable unit cell for each spectrum is searched by dichotomy, by varying the values of the lattice parameters (i.e. Dicvol method). XRD measurements were done on the paste of platelets saturated by water collected after the centrifugation of suspensions and after paste drying in an oven at 60 °C during 40 min.
Scanning Electron Microscopy With Field Emission Gun (SEM FEG).
Images were obtained with a Zeiss Merlin Compact microscope operating at 10 kV. Before observations, the stock dispersions were stirred with vortex and diluted by a factor ten with Milli®Q water. 10 µL of these diluted dispersions were let to dry directly on a conductive double face adhesive carbon tape. The samples were carbon coated before observations.
Microcalorimetry (µDSC) experiments were performed with µDSC3evo from Setaram (Caluire, France) in batch Hastaloy cells by weighing as prepared suspensions of different platelets. The total weight of the samples was around 0.8 g. The reference cell was filled with water. The temperature ramp started at 25 °C after thermal equilibration and the heating was performed with a constant rate of + 0.1 °C/min to a final temperature of 120 °C.
RESULTS AND DISCUSSION
3.1 Composition of the Platelets. The platelets are composed of -CD molecules, polysaccharides, grafted alkyl chains and water. Alkyl chains thread inside the -CD cavity (height of the torus circa 7 Å) with an average ratio of 5 CH 2 groups per -CD determined for organic acids 13 . In the platelet preparation, the concentration of -CD molecules was adjuted so that the total amount of -CD molecules was incorporated in the platelets.
Generaly, this was around 10%, but with chondroitin sulfate is was lower, around 5%.
TGA was employed to determine the hydration of the platelets following the experimental strategy previously established for -CD crystals grown in supersaturated aqueous solutions 11 . The crystals grown in supersaturated aqueous solutions are hydrates with water molecules located inside the crystals with specific thermal stabilities. The water content varies after equilibration of the crystals in desiccators at different relative humidity (RH) values. In agreement with 14 , it was found that the -CD crystals contain, at the most, 6 H 2 O molecules per -CD and that 2 H 2 O molecules are located inside the CD cavity. In the same manner, we show here that TGA allows an accurate determination of the amount of water molecules present in the platelets with various polymer and alkyl chain compositions
and RH values. The platelets equilibrated at different RH retain variable amounts of water, increasing with RH. During the heating ramps, between 20 and 120 °C, water molecules desorb continuously from the platelets. From the derivative curves, one can define two states of water in the platelet structure: i) water that desorbs between 20 and 40 °C, with a continuously decreasing rate; ii) a small fraction of water that desorbs between 40-50 and 100 °C with a broad maximum, showing a high thermal stability. We call this fraction "structural water". Table 1 The maximum water adsorbed at RH = 94% varies between 11.6 and 14% by weight of dry material, and the minimum, at RH = 5%, between 4.8 and 5.4%. A first striking result is that "structural water" represents ≈ 3% whatever the equilibration RH and the nature of the grafted polysaccharide (nature of the polysaccharide and of the grafted chain).
In the complexes, the -CD cavity is filled with the grafted alkyl chains and water is unable to occupy these sites, contrary to the case of pure -CD hydrated crystals. The amount of "structural water" is constant for all the samples (and is much smaller than the total water content), suggesting that the structural water is interstitial water in the CD crystals. This is further supported by the fact that the structural water is harder to remove, which would be expected if it is in the CD crystals, due to the extensive hydrogen bonding that exists between water and CD molecules.
Crystal Structure

X-ray Diffraction Patterns.
We investigated all samples of platelets in the humid state, by collecting the sediments from the bottom of the falcon tubes after centrifugation.
The diffraction patterns were recorded within 600 s at 25 °C between =2 and 30 °. We checked by performing two successive measurements the absence of structural evolution on this time scale due to drying under the X ray beam. Figure 2 shows the comparison of the diffraction patterns of chitosan grafted with different alkyl chains: stearoyl, palmitoyl and oleoyl. One can notice first that the patterns are identical in this angular domain and exhibit numerous narrow peaks. Some samples exhibit a higher degree of crystallinity (stearoyl, palmitoyl). These patterns are different from pure -CD hydrated crystals that are in the "cage" type structure 11 : in particular, there is a distinct diffraction peak at 2≈20 °. Hwang et al 15 working with PEG/-CD inclusion complexes noticed that the strong reflection at 2≈20
° is characteristic of -CD molecules involved in a "channel" type structure and is missing in the "cage" structure. The associated interreticular distance, d 2=20° = 4.4 Å corresponds to the diameter of the internal cavities of -CDs which constitute the channels when the -CD molecules are threaded along a polymer chain. The whole curve reported by 15 is however different from ours. We can consider that the inclusion complexes formed with grafted chitosan are quite similar, in the three cases shown in Figure 2 . 
Interpretation of Diffraction Patterns.
We report on Table 2 (Figure 3b) as the best-resolved example of the structure of platelets by using Highscore Plus 3.0® software, allowing determination of space group and of unit cell parameters. Figure 5 shows the comparison between the simulated and measured patterns using the "size-strain analysis" option, which also takes into account the broadening of the peaks. One can see a very good agreement over the entire angular range. The figure indicates also the Miller indexes. Table 2 reports the peak positions of all samples and at the bottom line, of the theoretical pattern. The simulation determines the unit cell parameters and the space group symmetry. In each case all the peaks match, and the lattice parameters and the space group are chosen with the best figure of merit. We analyzed in same way the patterns of several dried samples. Table 3 reports the unit cell parameters for humid platelets and different dried platelets. Table 4 gives explicitly the diffraction peaks in humid and dry palmitoyl amylopectin/-CD samples. The unit cell parameters a and c, of the humid samples, are larger than the diameter of the -CD ring, around 15 Å and b is larger than the height of the -CD ring, around 7 Å.
Although our analysis on a polycrystalline paste does not enable to define precisely the position of the -CD rings inside the unit cells, we can make some remarks on the relative volume of the unit cell compared to the one of hydrated -CD. The volume of one -CD molecule approximated by a cylinder is close to 1240 Å 3 (diameter 15 Å and height 7 Å). We established that several water molecules are present in the humid platelets sitting outside 20 the cavities and filling the space between CD molecules. Therefore, the unitary "brick", which constitutes the platelets, is around 1240 Å 3 in humid and totally dried platelets. In humid platelets, the volume of the unit cell is 4526 Å 3 and in dried palmitoyl amylopectin and dextran/-CD platelets, the volume of unit cell is 3872 Å 3 . Therefore, a unit cell contains a maximum of three "bricks". The difference between the unit cell volume and the "bricks"
volume correspond mainly to the volume occupied by water molecules. The dried palmitoyl pullulan /-CD platelets however have a unit cell of 1847 Å 3 , which limits to one "brick" per unit cell. The lengths a, and especially c, exhibit large changes, b is almost unchanged. It is important to remind that the polymer backbone is also in the interstitial sites (see below)
and necessarily increases the volume between the crystalline parts like a "mortar", while the grafted alkyl chains are included in the CD cavities.
The integral breadths of the diffraction peaks, as the ratio of a peak area to its maximum, are presented in Supporting Information. The size obtained from the integral breadth is the thickness of a crystal in a direction perpendicular to the crystallographic plane producing a given reflection, neglecting contributions from other factors (instrumental factors, microstrain or chemical inhomogeneity. In humid platelets of palmitoyl amylopectin/-CD, the average crystal thickness is around 75 nm, it decreases to 45 nm in the dried samples.
These estimations indicate that the crystalline domains are on average nanometric in their lower dimension and that a significant densification occurs upon drying.
Discussion.
The platelets are supposed to belong to the category of "columnar" or "channel" type structures, due to the inclusions of polymeric chains (alkyl chains). Although the literature on X-Ray patterns of channel type structures with -CD molecules is well documented [16] [17] [18] [19] [20] [21] [22] , the X-Ray patterns are not identical in all these studies; the control of humidity differ, many samples were thoroughly dried. Some authors followed the kinetics of the phase transformation with time resolved X-Ray diffraction. In particular, time-dependent changes in the intensity of the peak at 2=20 ° by rearrangement of the cage structure identifies the channel structure during inclusion formation 22 . In some cases, inclusion complexes were prepared as single crystals 23 . In the latter example, unit cell volume was 12 300 Å 3 and it was established that the -CD molecules are packed as dimers. Rodríquez-Llamazares et al 24 found that the volume of a unit cell of decanoic acid/-CD was 12 100 Å 3 .
Harata and Kawano 19 found for isosorbide dinitrate/-CD a volume of 10 389 Å 3 . Besides, The images provide a new insight on the organization of the platelets: there are major differences in the size and polydispersity of the platelets obtained with the same polymer (in this case chitosan), but different grafted chains. This suggests that the spontaneous growth rate of crystals (related to intrinsic properties of the components) has a large effect. External factors, such as the magnetic bar agitation may exert also an influence on the distribution of sizes.
To illustrate the global picture arising from this study, we propose in Figure 8 , a naïve scheme summarizing both X-Ray diffraction measurements and SEM. The polymer 
Thermal and Interfacial Properties. We examined previously
12 the thermal stability of some of the platelets suspended in Pickering emulsions and at interfaces of oil droplets.
In this paper, we investigate by µDSC the other platelets, as prepared in suspensions. We report in Figure 9 the heat flow traces of three different platelets with palmitoyl-grafted chains: chitosan, pullulan and dextran. One can see three domains: i) below 60 °C, the base lines are flat and indicate that the platelets do not dissolve; ii) between 60 and 100 °C, some minor changes appear: pullulan and dextran complexes partially dissolve (increasing slope of the heat flow) and chitosan has a small endothermal peak; iii) large sharp endothermal peaks indicate the cooperative melting transitions of the platelets above 100 °C. showing marked differences on the type of guest molecules.
Can Platelets Enhance Bioadhesion?
Nanocarriers composed of functionalized CDs and chitosan are reported in the literature 7, 8, 26, 27 . Mainly spherical nanoparticles (300-500 nm) are designed for drug delivery: drugs are first partially complexed by CDs via their hydrophobic side chains and chitosan networks are prepared by ionotropic gelation 28 . Nanocarriers release insulin or heparin by diffusion across the polymer network. Nanocarriers with smaller sizes (100-200 nm) are used for gene delivery 27 .
In all these examples, chitosan constitutes the matrix forming a gel network crosslinked by ionic interactions and entrapping functionalized CDs. Other examples of spherical nanoparticles obtained by self-assembly of CD polymers and hydrophobically modified dextran are reported by Nielsen et al 29 , they can be disrupted by molecules competing for the CD cavities.
The nano or micrometric platelets presented in this paper have a very different assembling mechanism. The grafted polymers (polysaccharide) and CDs are arranged into crystalline structures. We observed on SEM FEG images successive layers with a weak interlayer cohesion, which is one of the specific features of their structure. Our investigation shows that there is no dissolution, no melting, no swelling of the platelets dispersed in water at the body temperatures. There is no ionic crosslinking of the chitosan chains in platelets, like in the spherical nanocarriers. Nevertheless, therapeutic applications have been reported 5, 6 for the nanoplatelets containing chitosan suggesting that platelet structures may enhance bioavailability of chitosan.
It is well known that upon protonation of amino groups, chitosan chains are stretched by electrostatic repulsions 30 . The pH influences the conformation of chitosan chains. We At the surface of the platelets, chitosan chains are highly stretched and concentrated.
The area of contact of a platelet with a biological surface is large, by comparison to a spherical device. Therefore, the adhesion force of a platelet is much larger and helps chitosan chains to penetrate into mucin reach domains. The electrostatic forces involving chitosan and mucin chains may stretch and pull the outer layer of chitosan of the platelets. If the cohesion force of chitosan inside the platelet is less than the adhesive force between chitosan and mucin, the system breakdown may occur in the platelet interlayer. The superficial layer of might be teared off the platelet and bind to the mucosa for instance, while the platelet comes apart. The "renewed" platelet can migrate to another site and the mechanism can start again. Layer after layer the platelet can possibly breakdown and provide a large coverage of the exposed mucosa through this mechanism. A combined effect can also occur: if the grafted chains may contribute to some therapeutic effect, they become available layer after layer. The competition between mucoadhesion interactions and platelet cohesion may control the behavior of the platelets used as a drug delivery device.
The literature shows that nanoparticles with functionalized -CDs deliver non-soluble drugs for many therapeutic applications. If one could incorporate -CDs in platelets in the same way as the -CDs, then the platelets can exhibit enhanced properties for drug delivery.
Substitution of the inclusions occurred in our platelets and this property can provide an additional mechanism of drug release from platelets with therapeutic benefits.
CONCLUSION
This paper presents an extensive investigation of the structure and thermal properties of -CD inclusion complexes built from alkyl-grafted polysaccharides, with various lengths of alkyl chains. In all preparations, the inclusion complexes formed crystals with a platelet shape with nanometric thickness and high aspect ratio. All crystals contain at equilibrium water molecules in their structures with a proportion increasing with ambient relative humidity and showing specific thermal stability. All humid platelets exhibit identical X-Ray diffraction patterns, which belong to the "generic" channel type structure. The humid samples have a monoclinic symmetry and their unit cell volume is around 4500 Å 3 . According to Harata and 
